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Abstract
Studies have shown that internal representations of manipulations of objects with asymmet-
ric mass distributions that are generated within a specific orientation are not generalizable
to novel orientations, i.e., subjects fail to prevent object roll on their first grasp-lift attempt of
the object following 180° object rotation. This suggests that representations of these manip-
ulations are specific to the reference frame in which they are formed. However, it is
unknown whether that reference frame is specific to the hand, the body, or both, because
rotating the object 180° modifies the relation between object and body as well as object and
hand. An alternative, untested explanation for the above failure to generalize learned
manipulations is that any rotation will disrupt grasp performance, regardless if the reference
frame in which the manipulation was learned is maintained or modified. We examined the
effect of rotations that (1) maintain and (2) modify relations between object and body, and
object and hand, on the generalizability of learned two-digit manipulation of an object with
an asymmetric mass distribution. Following rotations that maintained the relation between
object and body and object and hand (e.g., rotating the object and subject 180°), subjects
continued to use appropriate digit placement and load force distributions, thus generating
sufficient compensatory moments to minimize object roll. In contrast, following rotations that
modified the relation between (1) object and hand (e.g. rotating the hand around to the
opposite object side), (2) object and body (e.g. rotating subject and hand 180°), or (3) both
(e.g. rotating the subject 180°), subjects used the same, yet inappropriate digit placement
and load force distribution, as those used prior to the rotation. Consequently, the compensa-
tory moments were insufficient to prevent large object rolls. These findings suggest that rep-
resentations of learned manipulation of objects with asymmetric mass distributions are
specific to the body- and hand-reference frames in which they were learned.
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Introduction
To skillfully manipulate objects with the fingertips requires the ability to adapt the fingertip
forces to the constraints imposed by an object’s physical properties. This requires both the use
of tactile feedback and feedforward (anticipatory) control, the latter of which takes advantage
of the stable and predictable physical properties of objects. These feedforward control predic-
tions are based on visual cues of the object’s properties and internal representations (sensori-
motor memories) associated with the object [1,2,3]. Visual cues can provide direct information
about object size [4,5,6], shape [7,8,9,10], and identity [1], but might also provide indirect
information about weight and mass distribution, which can sometimes be imprecise. Since
weight and mass distribution information is only available after object lift-off, internal repre-
sentations formed during earlier experiences with the object are used to scale forces to the
weight and mass distribution of the object [1,2,3].
To understand the nature of these internal representations, studies have used a paradigm in
which the visual cues of the object are not salient [11,12,13,14,15,16,17,18]. This paradigm
required subjects to grasp and lift with the index finger and the thumb a symmetrically shaped
object, an inverted T-shaped object, with an asymmetric mass distribution (i.e. one side of the
base of the inverted T-shaped object is heavier than the other side). The goal of the task was to
minimize object roll. On their first object lift, subjects exerted symmetrical grip forces and sym-
metrical load forces by the index finger and the thumb, and thereby generated little or no com-
pensatory moment countering the external torque caused by the asymmetric mass distribution,
which resulted in a large object roll. However, subjects learned within just a few lifts to mini-
mize object roll by applying more load force in the digit on the heavier side of the inverted T-
shaped object. Subsequent studies removed digit placement constraints, whereby subjects
could grasp and lift the inverted T-shaped object anywhere along two grasp surfaces
[14,16,17,18,19,20]. Results of these studies showed that load forces were modulated in parallel
with digit placement, i.e., higher digit placement on the heavier side of the object, with both
digit positions and forces contributing to generating a compensatory moment to prevent roll.
Some studies have questioned the extent to which these internal representations generated
within a specific object orientation are generalizable to novel orientations
[11,12,13,15,18,20,21,22,23]. These studies typically required subjects to grasp and lift an object
with an asymmetric mass distribution in one orientation, learn the manipulation, and then lift
and grasp it in a novel orientation, e.g., following 180° rotation of the object. This rotation
modifies both body and hand frames of reference from that to trials preceding the rotation. In
other words, if the center of mass (CoM) is on the object’s left side before rotation, it would be
toward the left side of the body and oppose the thumb during lifts with the right hand. Con-
versely, after rotating the object 180°, the CoM would oppose the index finger and be toward
the right side of the body. After such object rotations, subjects failed to prevent object roll on
their first attempt to grasp and lift the object due to inappropriate load force scaling
[11,12,13,15,21] as well as inappropriate digit placement [18,20]. These findings suggest that
internal representations of learned manipulations of objects with asymmetric mass distribu-
tions are specific to the frame of reference in which they were formed. However, it is unknown
whether that frame of reference is specific to the hand, the body, or both, because rotating the
object 180° modifies both the relation between the object and body and between the object and
hand as described above.
An alternative, yet untested, explanation for the failure in transferring learned manipulation
and therefore preventing roll might be that anymodification in object orientation interferes
with generalization of learned manipulation, regardless of whether the frame of reference is
maintained or modified. In a pioneering study pointing to the complexity of mental rotation
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Shepard and Metzler [24] found an increase in time in identifying two shapes as similar with
an increase in the angular difference between the two shapes. Given the complexities involved
in identifying object geometry after mental rotation of an object, any kind of rotation, even that
which maintains the body and hand frames (e.g. 360° rotation of object, or subject, or both),
might disrupt transfer of learned manipulation of the same object in a different orientation.
We addressed two overarching aims in a set of 8 experiments. First, we examined the effect
of rotations that maintain the relation between the both the object and body and object and
hand. Second, we examined the effect of rotations that modify both and either of these relations
on the ability to transfer learned manipulation. Based on previous findings, we hypothesized
that rotations that modify both the relation between the object and body, and between object
and hand, will impair performance. Results from rotations that modify either the relation
between the object and body, or between object and hand, will elucidate whether the reference
frame used to learn object manipulation is specific to the body, the hand, or both. For example,
impaired performance after a rotation that modifies only the object to hand relation and cor-
rect performance following a rotation that modifies the object to body relation would suggest
that internal representations of objects with asymmetric mass distributions are specific only to
the hand reference frame in which it was learned (and not the body reference frame). Alterna-
tively, impaired performance induced by both of these rotation types would suggest that inter-
nal representations of objects with asymmetric mass distributions are specific to both body and
hand reference frames in which they were learned. Finally, should performance be disrupted
also in conditions that do not modify reference frames, this would suggest that the act of rota-
tion is what disrupts performance, and not the change in reference frame.
Methods
Participants
Eighty-seven right-handed healthy adults (59 females;Median age: 27; Range: 20–34) with nor-
mal or corrected-to-normal vision participated across 8 experimental conditions. We included
in the main analyses 10 subjects for each experimental condition, excluding 7 subjects (see
below). All subjects gave written informed consent and the Teachers College, Columbia Uni-
versity Institutional Review Board approved the study procedures.
Materials and Procedures
Subjects were asked to grasp and lift an inverted T-shaped object (Fig 1A) with an asymmetric
CoM using the tips of their right index finger and thumb, with the aim of preventing object roll
[11,12,18,20,25].
Forces and moments exerted by the thumb and index finger were measured by two force/
torque transducers (Nano 17, ATI Industrial Automation, NC). The transducers measured
grip force, load force, and moment with resolutions of 0.05 N, 0.025 N, and 0.125 Nmm,
respectively. The force transducers were attached parallel to each other on the vertical column
of the inverted T-shaped object (made from Plexiglass). The force transducers were covered by
two parallel Plexiglass grip surfaces (height: 7.0 cm; width: 1.9 cm; depth: 0.3 cm; distance
between grip surfaces = 8.0 cm). Each of the Plexiglass grip surfaces was covered with a thin
sheet of balsa wood to increase the friction between the digits and the object’s contact surfaces.
At the base of the object, two black balsa wood surface covers visually concealed the asymmet-
rically distributed mass (a solid brass block; height: 2.5 cm; width: 7.0 cm; depth: 2.5 cm; mass:
405 g). Thus, the object was symmetrical in appearance (inverted “T”), but not in mass distri-
bution. An electromagnetic position-angle sensor (Polhemus Fastrack; angular resolution:
0.025°; displacement resolution: 0.0005 cm) was attached at the top of the object to measure
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Fig 1. A depiction of the visually symmetrical object with a visually concealed asymmetric mass distribution, and the experimental procedure for
the 8 conditions. (A) Custom built inverted T-shaped object. A solid brass metal block was placed on either the left or right side on the base of the object.
The solid brass metal block was visually concealed with two balsa wood covers that were placed on the left and right side on the base of the object. Thus, the
object was symmetrical in appearance but not in mass distribution. An electromagnetic position sensor was placed at the top of the vertical column to
measure object roll. The grasp surfaces were attached to the force sensors that measured forces and centers of pressure of the thumb and index finger. Left
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object roll. The total mass of the object, including the force sensors, position-angle sensor,
brass, and the balsa wood covers was 585 g. Fingertip force data were sampled at 500 Hz and
position data were sampled at 120 Hz using SC/Zoom (Umeå University, Sweden).
Subjects sat comfortably in front of a height-adjustable table facing the object with their
right elbow flexed approximately 90° in the parasagittal plane, with their right shoulder aligned
with the midpoint of the object. The right hand was placed, palm facing down, at a marked
start location, 24 cm from the midpoint of the object. Following an auditory cue, subjects were
instructed to reach from the marked start location, grasp the grip surfaces with the tip of the
thumb and the index finger, and lift the object at a natural speed to a height of an adjacent
marker (10 cm). Following a second auditory cue (occurring 5 s after first auditory cue), sub-
jects were instructed to replace both object and hand back to their respective start locations.
Subjects were asked to minimize as best possible object roll. No instruction was given regarding
the location of fingertip placement on the object.
There were two blocks of 16 trials, with a 20-s inter-stimulus interval between trials. Each
block contained 8 pre-rotation trials, followed by a rotation of the object, subject, subject’s
hand, both object and subject, or both subject and subject’s hand (see below), and 8 post-
rotation trials thereafter. Rotations were performed around the vertical axis of the object
(Fig 1B). The CoM of the object was on a given side during the pre-rotation trials of the first
block, and then on the other side during the pre-rotation trials of the second block. CoM
location (left or right) in the first block was counterbalanced across subjects in each condi-
tion. Subjects were asked to indicate the heavier side of the object, left or right, prior to and
following exposure to each rotation. Subjects (n = 7) that gave an incorrect response were
excluded from the main analyses, but we compared their performance qualitatively to those
that gave a correct response. Subjects experienced only one type of rotation, which pre-
vented proactive interference or learning across conditions. Subjects experienced 1 of 8
experimental manipulations (n = 10 in each group; see Table 1 and Fig 1B) following pre-
rotation trials:
Conditions that maintain the relation between object and hand and between object and
body. In Condition 1 (360° rotation of the object), subjects were asked to observe the object
being rotated by the experimenter 360°. The relation between the object and body, and between
the object and hand, was unchanged following this rotation, with the CoM on the same side of
the body and on the same digit side during pre- and post-rotation trials.
In Condition 2 (360° rotation of the subject), subjects were instructed to stand up and walk
360° around the table and return to their pre-rotation seated position. As in Condition 1, fol-
lowing this rotation, the body-to-object and hand-to-object relations were the same during
pre- and post-rotation trials.
In Condition 3 (360° rotation of the object and subject), subjects were asked to observe the
object being rotated 360° by the experimenter and to subsequently stand up and walk in the
same direction around the table and return to their pre-rotation seated position. As with Con-
ditions 1 and 2, the relations between object and body, and between object and hand, were the
same during pre- and post-rotation trials.
and right panels show front and side views of the object; (B) Experimental procedures for each of the 8 conditions during pre-rotation trials (with the center of
mass on the left; see white dotted outline) and following a rotation, the post-rotation trials. The rotation either maintained hand and body reference frames
(Condition 1–4) or modified hand and/or body reference frames (Conditions 5–8). Conditions that maintained hand and body reference frames involved a
360° object rotation (Condition 1), 360° subject rotation (Condition 2), 360° object and subject rotation (Condition 3), and a 180° object and subject rotation
(Condition 4). Conditions that modified hand and/or body reference frames involved a 180° object rotation (Condition 5), 180° subject rotation (Condition 6),
180° hand rotation (Condition 7), and a 180° hand and subject rotation (Condition 8). A full circle arrow indicates a 360° rotation (by object and/or subject,
dependent on condition), and a half circle arrow indicates a 180° rotation (by object/and or subject and/or hand, dependent on condition).
doi:10.1371/journal.pone.0138258.g001
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In Condition 4 (180° rotation of the object and subject), after observing a 180° rotation of
the object by the experimenter, subjects were asked to stand up and walk 180° in the same
direction around to the other side of the table, and be seated. As in Conditions 1 to 3, the
object-to-body and object-to-hand relations during pre-rotation trials remained unchanged
following rotation of both object and subject.
Conditions that modify the relation either between object and hand, between object and
body, or both. In Condition 5 (180° rotation of the object), subjects were asked to observe the
object being rotated 180° by the experimenter. This rotation modified the relation between the
object and the subject’s body, and the relation between the object and the subject’s hand from
that during pre-rotation trials. For example, for an object with a left CoM, the heavier side of
the object is on the left side of the body and on the thumb side prior to object rotation. Follow-
ing a 180° rotation of the object, the heavier side of the object is on the right side of the body
and on the index finger side.
In Condition 6 (180° rotation of the subject), subjects were asked to stand up and walk 180°
around to the other side of the table, and be seated facing the object from the other side of the
table. Similar to the manipulation in which the object is rotated 180° (Condition 5), a 180° rota-
tion of the subject modified the object-to-body and the object-to-hand relation from that dur-
ing pre-rotation trials.
In Condition 7 (180° rotation of the hand around the object), subjects were asked to orient
their hand 180° around the object and lift the object in this new hand configuration with the
fingertips facing toward the body. This rotation modified the relation between the object and
the hand, but maintained the relation between the object and the body, from that during pre-
rotation trials. For example, for an object with a right CoM, the heavier side of the object is on
the right side of the body before and after hand rotation, but on the index finger side before
rotation and on the thumb side after rotation.
In Condition 8 (180° rotation of the hand and subject), unlike the pre-rotation trials in all
other conditions, whereby subjects lifted the object with their hand with their fingertips facing
away from the body, subjects lifted the object during pre-rotation trails with their hand rotated
around the object (as in the post-rotation trials of Condition 7), with their fingertips facing the
body. The rationale for this particular pre-rotation trial procedure was based on results from
the condition with the 180° rotation of the hand. For this condition (180° rotation of the hand),
we found non-collinear digit placement on the first post-rotation trial (i.e. the thumb position
was higher than the index fingertip position), regardless of whether the CoM was on the left or
Table 1. Description of each of the 8 experimental conditions.
Condition Description
Conditions that maintain both object-hand and object-body relations
1 360° rotation of the object
2 360° rotation of the subject
3 360° rotation of the object and subject
4 180° rotation of the object and subject
Conditions that modify both object-hand and object-body relations
5 180° rotation of the object
6 180° rotation of the subject
Condition that modiﬁes the object-hand relation
7 180° rotation of the hand around the object
Condition that modiﬁes the object-body relation
8 180° rotation of the hand and subject
doi:10.1371/journal.pone.0138258.t001
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right side. We hypothesized that subjects partitioned their fingertips in this way due to the bio-
mechanical constraints of the hand in this oriented position. With the digits facing the body
and the wrist flexed, the non-physiological moment arms and/or the length of the finger flexors
compared to their length-tension curve allows for supination to occur with greater ease than
pronation. Supination would result in the thumb position being higher than index fingertip
position. We tested this hypothesis by examining digit placement on the first pre-rotation trial
when subjects had no explicit knowledge of the CoM location. Higher thumb than index finger
placement on the first trial (compared to collinear digit placement seen when lifting a visually
symmetrical object with the fingers facing away from the body) would support the hypothesis
that subjects place their digits in this way due to biomechanical constraints. After the 8 pre-
rotation trials, subjects were instructed to move 180°, toward the other side of the table, facing
the object from the other side of the table, and lift the object with their fingertips facing away
from the body. The procedure of the post-rotation trials was similar to that of the condition
with the 180° rotation of the subject. Rotation of the subject and hand modified the body-to-
object relation but not the hand-to-object relation from that during pre-rotation trials. For
example, for an object with a right CoM, the right side of the body will be on the CoM side
before rotation, and the left side will be on the CoM side after rotation, and the index finger
will be on the CoM side before and after rotation.
Data Analyses
Time of lift onset was defined as the time point at which the vertical position of the object
exceeded 0.1 cm and continued to increase thereafter.
We measured peak object roll (in degrees) on the frontal plane of the object occurring after
object lift onset, with positive and negative values denoting rolls in the direction of the thumb
and the index finger, respectively.
We recorded digit load force, the vertical force component parallel to the grip surface exerted
on the thumb and the index finger to lift the object, and computed the difference between these
load forces. A zero value indicates symmetrical load forces by the thumb and the index finger, a
positive value indicates that the thumb exerted more load force than the index finger, and a nega-
tive value indicates that the index finger exerted more load force than the thumb.
We also calculated the vertical coordinate of the point of resultant digit force relative to the
center of the force-torque transducers (center of pressure). Center of pressure for the thumb
and the index finger was defined as the vertical distance of each digit from the center of the
grip surface/transducer (in mm), using the formula: COP = [Mx–(Ftan  w)] / Fn], where Mx
is the moment about the x-axis (see Fig 1B), Ftan is the digit load force, w is the distance
between the surfaces of the force/torque transducer and the grip surface (4 mm), and Fn is the
mean grip force component perpendicular to the grip surface by the index finger and the
thumb. Positive and negative values denote higher and lower center of pressure relative to the
center of each transducer. We report the vertical distance between the centers of pressure of
the index finger and the thumb (center of pressure difference). A zero value indicates collinear
digit center of pressure, a positive value indicates that the thumb’s center of pressure is higher
than that of the index finger, and a negative value indicates that the index finger’s center of
pressure is higher than that of the thumb.
Finally, we calculated the compensatory moment (Nmm) using the formula: Mcom =
[(ΔFtan)  d/2 + Fn  ΔCOP], where ΔFtan is the difference in load force between the thumb
and the index finger, d is the grip width, and ΔCOP is the difference between the vertical coor-
dinate of the thumb and index finger center of pressure. Positive and negative values denote
compensatory moment generated in the direction of the index finger and thumb, respectively.
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Grip force (Fn) can contribute to the compensatory moment, and thus roll, if the center of
pressure difference between the thumb and the index finger is non-zero. However, we found
no significant differences in grip force when comparing the trial preceding and following rota-
tion for each of the conditions for left CoM and right CoM blocks, respectively (all p’s> 0.05).
Our main analyses focused on the effect of each rotation on object roll, compensatory moment,
difference between the vertical coordinate of thumb and index finger center of pressure, and dif-
ference between the load force exerted by the thumb and index finger in each of the conditions for
left and right CoM blocks, respectively. Therefore, we ran repeated measures analysis of variance
(ANOVA) that examined the effect of trial (last pre-rotation trial, first post-rotation trial, and last
post-rotation trial) on all the above variables. For significant main effects, we conducted Bonfer-
roni-adjusted pairwise comparisons to examine differences between the first post-rotation trial
and the last pre-rotation trial, and differences between the first post-rotation trial and the last
post-rotation trial (setting the p value at 0.016 to adjust for 3 comparisons). We used the non-
parametric McNemar’s test to examine the difference in direction of compensatory moment and
the change in sign of center of pressure difference and load force difference between the last pre-
rotation and the first post-rotation trial (see [18]). In addition, we qualitatively compared the
extent to which subjects who gave incorrect responses in estimating the heavier side of the object
performed differently to those that gave correct responses. Finally, to examine the extent to which
learned manipulation transfer varies within conditions that modify object-hand-body relations
(Conditions 5–8) and within those that do not modify these relations (Conditions 1–4), we com-
pared roll on the first post-rotation trial within Conditions 5–8 and within Conditions 1–4,
respectively, in each of the CoM blocks, using one-way ANOVAs.
Results
We will describe the effect of each rotation in each of the 8 conditions on object roll, compensa-
tory moment, center of pressure difference between the thumb and the index finger, and load
force difference between the thumb and the index finger on the first post-rotation trial. Rota-
tions in Conditions 1–4 (360° rotation of object, subject, or both, and 180° rotation of object
and subject) maintained the relation between object and body, and between object and hand,
from that during pre-rotation trials. Rotations in Conditions 5 and 6 (180° rotation of object
and subject, respectively) modified the relations between object and body and between object
and hand from that during pre-rotation trials. The rotation in Condition 7 (180° rotation hand
rotation) modified the relation between object and hand, but maintained the relation between
object and body, from that during pre-rotation trials. Finally, the rotation in Condition 8 (180°
rotation of subject and hand) modified the relation between object and body from that during
pre-rotation trials, but maintained the relation between object and hand. As described below,
subjects in conditions with rotations that maintained the object-body and object-hand rela-
tions (Conditions 1–4) continued, after rotation, to generate effective compensatory moments
to minimize roll by appropriate digit placement and load force distributions. Subjects in condi-
tions with rotations that modified the relation between object and hand and/or between object
and body (Conditions 5–8) did not generate effective compensatory moments and made large
rolls after rotations, due to using the same, yet inappropriate digit placement and load force
distributions as those used on pre-rotation trials.
Maintaining the relation between object and hand and between object
and body
Fig 2 shows object roll, compensatory moment, and center of pressure and load force differ-
ences between the thumb and the index finger from a representative subject exposed to a
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rotation that did not modify the relation between object and body, and between object and
hand from that in pre-rotation trials. Data are from the first and last pre-rotation trial with the
subject lifting the object with a left CoM, and from the first post-rotation trial for Condition 3.
On the first pre-rotation trial, having not experienced lifting the object, the subject lifted the
object as if the CoM was centered in the visually-symmetric object. Specifically, the subject
applied symmetrical load force in the thumb and the index finger and placed the thumb and
the index finger collinearly. Consequently, the subject generated little or no compensatory
moment, resulting in a large object roll to the left (the heavier side). This is the case for all
Fig 2. A representative subject’s performance traces in a condition that maintains object-subject and object-body relations. (A) Object roll; (B)
Compensatory moment (Mcom, solid line) and target Mcom (dotted line, plotted as same sign as Mcom for graphical purposes); (C) center of pressure
(COP) by the thumb (dotted line) and the index finger (solid line); (D) Load force (Ftan) by the index finger (solid line) and the thumb (dotted line). Data are
shown for the first (left panel) and last pre-rotation trial (middle panel), and following a rotation that does not modify the relation between the object and body,
and object and hand (Condition 3), the first post-rotation trial (right panel), with the object’s CoM on the left. The vertical dotted line represents the lift onset
time.
doi:10.1371/journal.pone.0138258.g002
Generalization of Dexterous Manipulation
PLOS ONE | DOI:10.1371/journal.pone.0138258 September 16, 2015 9 / 25
subjects across conditions. However, by the last pre-rotation trial, the subject exerted larger
load force in the thumb than the index finger, and placed the thumb higher than the index fin-
ger, which led to an effective compensatory moment that counteracted the external moment
created by the CoM (toward the index finger), and minimized roll. This is all consistent with
previous work [11,12,15,18,20,26]. Similar to the last pre-rotation trial, on the first post-
rotation trial, the subject asymmetrically partitioned load force and digit placement by the
thumb and the index finger, and thereby generated an effective compensatory moment to min-
imize object roll.
Fig 3 shows that these findings were generally representative of all subjects in each of the
four conditions (1–4) with rotations that did not modify the body-to-object and hand-to-object
relations, and with the CoM of the object on the left and on the right. Other than very few
exceptions that are described below, there were negligible differences in mean object roll, com-
pensatory moment, digit center of pressure difference, and digit load force difference between
the last pre-rotation trial and the first post-rotation trial, and between the first and the last
post-rotation trial. There were no significant main effects of Trial (last pre-rotation, first post-
rotation trial, last post-rotation trial) on object roll, compensatory moment, digit center of
pressure difference, and digit load force difference in these conditions, except for the following:
(1) object roll in Condition 2 (360° rotation of subject) when subjects lifted an object with a left
CoM (F(2, 18) = 5.56, p< 0.05, ηp
2 = 0.38), with Bonferroni-adjusted pairwise comparisons
showing a significant difference between the first and last- post-rotation trial, likely reflecting
improvement with continual practice; (2) object roll (F(2, 18) = 5.96, p< 0.05, ηp
2 = 0.40) and
compensatory moment (F(2, 18) = 6.11, p< 0.05, ηp
2 = 0.40) in Condition 3 (360° rotation of
subject and the object) in the right CoM block, with significant differences between the last
pre-rotation trial and the first post-rotation trials (however, there were no differences between
the first and the last post-rotation trials, and the compensatory moment on both last pre-
rotation and first post-rotation trials was in the same appropriate direction) and (3) digit center
of pressure difference in Condition 1, 360° rotation of the object with a right CoM, (F(2, 18) =
4.26, p< 0.05, ηp
2 = 0.32), but no significant differences between the first post-rotation trial
and both last pre- and post-rotation trials. Despite these differences in roll and compensatory
moment, McNemar’s tests showed no significant differences in direction for compensatory
moment and in sign for center of pressure difference and load force difference (p’s> 0.05)
between the last pre-rotation trial and the first post-rotation trial in Conditions 1 to 4. In sum-
mary, these conditions predominantly showed no main effects of Trial on roll, compensatory
moment, center of pressure difference, and load force difference, and no differences in direc-
tion and sign on these variables between pre- and post-rotation trials. This suggests that the act
of rotating the object, subject, or both while maintaining the relation between object and body,
and between object and digits, as that from trials preceding the rotation, does not disrupt the
ability to transfer manipulation learned across trials preceding the rotation.
Disrupting the relation between either object and hand or between object
and body, or both
Fig 4 shows data from a representative subject on object roll, compensatory moment, and cen-
ter of pressure and load force differences between the thumb and index finger on the first and
last pre-rotation trial and on the first post-rotation trial. The CoM is on the right during pre-
rotation trials and on the left after 180° rotation of object. The relations between the object and
subject’s body and between the object and subject’s hand were modified by this rotation. Simi-
lar to that seen in Fig 2, the thumb and the index finger load force was symmetrical and the
thumb and the index finger center of pressure was collinear during the first pre-rotation trial,
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Fig 3. Groupmeans (± 1 standard error) for Conditions 1–4 that maintain object-hand and object-body relations. (A) Object roll with positive and
negative values indicating roll towards the thumb and the index finger respectively; (B) Compensatory moment (Mcom) with positive and negative values
indicating moments generated away from the thumb and the index finger respectively; (C) Vertical distance between the thumb and the index finger center of
pressure (ΔCOP) with positive values indicating higher thumb placement than index finger placement and negative values indicating higher index finger
placement than thumb placement; (D) Difference in load force (ΔFtan) by the thumb and the index finger with positive values indicating more force by the
Generalization of Dexterous Manipulation
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thereby resulting in negligible compensatory moment and large object roll. In contrast, during
the last pre-rotation trial this subject exerted larger load force in the index finger than the
thumb and placed the index finger higher than the thumb. Thus, this subject generated a large
thumb than the index finger and negative values indicating more force by the index finger than the thumb. Data are shown for the first and last pre-rotation
trial, and the first and last post-rotation trial, with the object’s CoM on the left (left panel) and on the right (right panel) during pre-rotation trials, for Condition 1
(360° rotation of object; clear), Condition 2 (360° rotation of subject; light gray), Condition 3 (360° rotation of object and subject; medium gray) and Condition
4 (180° rotation of object and subject; dark gray). The first pre-rotation trial for the left and right CoM blocks in each condition is only shown for half of the
subjects (because half started the task with the object’s CoM on the left and right, respectively). Statistically significant differences between the first post-
rotation trial and the last pre-rotation and between the first post-rotation trial and the last post-rotation trial are denoted with an asterisk (p < 0.05).
doi:10.1371/journal.pone.0138258.g003
Fig 4. A representative subject’s performance traces by in a condition that modifies object-subject and object-body relations. (A) Object roll;
(B) Compensatory moment (Mcom, solid line) and target Mcom (dotted line, plotted as same sign as Mcom for graphical purposes); (C) Center of pressure
(COP) by the thumb (dotted line) and the index finger (solid line); (D) Load force (Ftan) by the thumb (dotted line) and the index finger (solid line). Data are
shown for the first (left panel) and last pre-rotation trial (middle panel) with the object’s CoM on the right and, following a rotation that modifies both the relation
between the object and body and object and hand (Condition 5), the first post-rotation trial (right panel). The vertical dotted line represents the lift onset time.
doi:10.1371/journal.pone.0138258.g004
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compensatory moment towards the thumb and minimized object roll accordingly. Ideally, to
successfully minimize roll on the first post-rotation trial (with the CoM now shifted to the left),
the subject should have applied larger load force and higher center of pressure by the thumb
than the index finger, thereby generating a compensatory moment towards the index finger. In
contrast to this ideal strategy, this subject continued to place his index finger higher than the
thumb, and exerted larger load force by his index finger than the thumb on the first post-
rotation trial. Thus, the compensatory moment was in the same, yet inappropriate, direction as
that at the last pre-rotation trial, which resulted in large object roll. As described below, these
findings were generally representative of subjects in conditions in which the rotation modified
the relations between the object and body and/or between the object and hand, with a couple of
nuisances in digit placement that are described below. We report below group data from each
of the conditions that disrupt the relation between object and hand and object and body (Con-
ditions 5 and 6) and conditions that disrupt the relation between object and hand (Condition
7) and object and body (Condition 8).
Disrupting the relation between object and hand and between object and body. Fig 5
shows mean peak roll, compensatory moment, center of pressure difference and load force dif-
ference between the thumb and the index finger on the first and last pre-rotation and on the
first and last post-rotation trials, with the CoM of the object on the left and right for Conditions
5 (180° rotation of object) and 6 (180° rotation of subject). Compared to the last pre-rotation
trial and the last post-rotation trial, subjects typically produced a large object roll and little
compensatory moment on the first post-rotation trial, both of which were in the direction of
the CoM. For both conditions and with the CoM on either side, there were significant main
effects of Trial on roll (Condition 5 left CoM: F(2, 18) = 44.08, p< 0.05, ηp
2 = 0.83, right CoM:
F(2, 18) = 45.40, p< 0.05, ηp
2 = 0.84; Condition 6 left CoM: F(2, 18) = 35.77, p< 0.05, ηp
2 =
0.80, right CoM: F(2, 18) = 16.24, p< 0.05, ηp
2 = 0.64) and compensatory moment (Condition
5 left CoM: F(2, 18) = 87.40, p< 0.05, ηp
2 = 0.91, right CoM: F(2, 18) = 86.82, p< 0.05, ηp
2 =
0.91; Condition 6 left CoM: F(2, 18) = 77.42, p< 0.05, ηp
2 = 0.90, right CoM: F(2, 18) = 17.53,
p< 0.05, ηp
2 = 0.66), with very large effect sizes. Bonferroni-adjusted pairwise comparisons
showed significantly larger object roll on the first post-rotation trial than both the last pre-
rotation trial and the last post-rotation trial in both conditions. In the condition with the 180°
rotation of object (with a right CoM during pre-rotation trials), compensatory moment was
significantly smaller on the first post-rotation trial than both last pre- and last post-rotation tri-
als. In the conditions with 180° rotation of object (with a left CoM during pre-rotation trials)
and subject (with left CoM and right CoM during pre-rotation trials), compensatory moment
was significantly smaller on the first post-rotation trial than the last post-rotation trial, but not
the last pre-rotation trial. In addition, there was no significant difference in direction of com-
pensatory moment between the last pre-rotation trial and the first post-rotation trial
(p> 0.05). These findings suggest that these rotations disrupted the ability of subjects to trans-
fer learned manipulation from trials preceding the rotation to the first trial after the rotation.
Fig 5 also shows that subjects continued to use the same, yet inappropriate, digit placement
and force distributions on the first post-rotation trial as on the last pre-rotation trial, or tended
to use collinear digit placement. There were significant main effects of Trial on digit center of
pressure difference (Condition 5 left CoM: F(2, 18) = 18.45, p< 0.05, ηp
2 = 0.67, right CoM: F
(2, 18) = 10.71, p< 0.05, ηp
2 = 0.54; Condition 6 left CoM: F(2, 18) = 6.13, p< 0.05, ηp
2 = 0.41,
right CoM: p> 0.05). Bonferroni-adjusted pairwise comparisons showed that there were no
significant differences between the last pre-rotation trial and the first post-rotation trial for all
conditions. We found, however, significant differences in digit placement between the first and
last-post rotation trial (Condition 5, left and right CoM blocks). Finally, significant main effects
of Trial on load force difference in all conditions with the CoM on either side (Condition 5 left
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Fig 5. Groupmeans (±1 standard error) for Conditions 5–6 that modify object-hand and object-body relations. (A) Object roll with positive and
negative values indicating roll towards the thumb and the index finger respectively; (B) Compensatory moment (Mcom) with positive and negative values
indicating moments generated away from the thumb and the index finger respectively; (C) Vertical distance between the thumb and the index finger center of
pressure (ΔCOP) with positive values indicating higher thumb than index finger placement and negative values indicating higher index finger than thumb
placement; (D) Difference in load force (ΔFtan) by the thumb and the index finger with positive values indicating more force by the thumb than the index finger
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CoM: F(2, 18) = 23.00, p< 0.05, ηp
2 = 0.72, right CoM: F(2, 18) = 13.92, p< 0.05, ηp
2 = 0.61;
Condition 6 left CoM: F(2, 18) = 9.41, p< 0.05, ηp
2 = 0.51, right CoM: F(2, 18) = 32.49,
p< 0.05, ηp
2 = 0.78) were due to differences between the first and last post-rotation trials (Con-
ditions 5 left CoM and right CoM blocks, Condition 6, right CoM block). Taking center of
pressure difference and load force difference results together, most of the main effects were due
to significant differences between the first- and last post-rotation trials, with negligible differ-
ences between the last pre-rotation trial and the first post-rotation trial. This suggests that sub-
jects adopted similar force and digit placement distributions on the first post-rotation trial as
on the last pre-rotation trial, which were dissimilar to that used on the last post-rotation trial.
Although in some cases there were negligible differences between the first and the last post-
rotation trials, center of pressure difference and load force difference at the first post-rotation
trial were in the same direction as those at the last pre-rotation trial in both conditions and
CoM blocks (all p’s> 0.05). Together, these results suggest that rotating an object or subject in
a way that modifies the relation between both object and body and object and hand, from that
during pre-rotation trials disrupts the ability to transfer learned manipulation.
Disrupting the relation between object and hand while maintaining the relation between
object and body. Fig 6 shows mean peak roll, compensatory moment, center of pressure and
load force differences between the thumb and the index finger at the first and last pre-rotation
trial, the first and last post-rotation trial, in both left and right CoM blocks for Condition 7
(180° rotation of hand). As the figure shows, on the first trial after hand rotation with the CoM
on the left (index finger side), subjects placed the thumb higher than the index finger, and
exerted more load force with the index finger than the thumb. The combined effect of these
responses resulted in negligible compensatory moment and large object roll. This particular
configuration of load force and center of pressure by the index finger and the thumb was also
seen on the first post-rotation trial with the CoM of the object on right (thumb side). In both
CoM blocks, compensatory moment was generated towards the index finger, which is the
appropriate direction when the object’s CoM is on the right, but not the left. Nevertheless, as
Fig 6 shows, subjects produced large rolls on this first post-rotation trial in both CoM blocks,
albeit smaller when the CoM was on the right. We found significant main effects of Trial on
roll for both left CoM (F(2, 18) = 30.90, p< 0.05, ηp
2 = 0.77) and right CoM blocks (F(2, 18) =
15.32, p< 0.05, ηp
2 = 0.63) with large effect sizes. Pairwise comparisons showed significant dif-
ferences in roll between the first post-rotation trial and the last pre-rotation trial in both CoM
blocks, but a significant difference between the first and last post-rotation trial only for the left
CoM block. This suggests that subjects minimized roll on the first post-rotation trial similarly
to that on the last post-rotation trial in the right CoM block, but failed to do so in the left CoM
block. We found significant main effects of Trial on compensatory moment when the object
CoM was on the left (F(2, 18) = 36.09, p< 0.05, ηp
2 = 0.80) and right (F(2, 18) = 28.12,
p< 0.05, ηp
2 = 0.76) with large effect sizes. Pairwise comparisons showed significant difference
between the first and last post-rotation trial, but not the last pre-rotation trial, for the left CoM
block, and a significant difference between the first post-rotation trial and last pre-rotation
trial, but not the last post-rotation trial, for the right CoM block. Again, this indicates the com-
pensatory moment on the first post-rotation trial was similar to that on the last post-rotation
trial in the right CoM block, but not the left CoM block. In addition, a significant difference in
and negative values indicating more force by the index finger than the thumb. Data are shown for the first and last pre-rotation trial, and the first last post-
rotation trial, with the object’s CoM on the left (left panel) and on the right (right panel) during pre-rotation trials, for Condition 5 (180° rotation of object; clear)
and Condition 6 (subject (180° rotation of subject; light gray). The first pre-rotation trial for the left and right CoM blocks in each condition is only shown for half
of the subjects (because half started the task with the object’s CoM on the left and right, respectively). Statistically significant differences between the first
post-rotation trial and the last pre-rotation and between the first post-rotation trial and the last post-rotation trial are denoted with an asterisk (p < 0.05).
doi:10.1371/journal.pone.0138258.g005
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Fig 6. Groupmeans (± 1 standard error) for Condition 7 that modifies the object-hand relation.
(A) Object roll with positive and negative values indicating roll towards the thumb and the index finger
respectively; (B) Compensatory moment (Mcom) with positive and negative values indicating moments
generated away from the thumb and the index finger respectively; (C) Vertical distance between the thumb
and the index finger center of pressure (ΔCOP) with positive values indicating higher thumb than index finger
Generalization of Dexterous Manipulation
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direction between the last pre-rotation trial and the first post-rotation trial in the right CoM
block (p< 0.05) but not in the left CoM block (p> 0.05) suggests that subjects transferred
learned manipulation after hand rotation to a greater extent when the object’s CoM was on the
right than the left. We found a significant main effect of Trial on load force difference for the
left CoM block with a large effect size (F(2, 18) = 22.69, p< 0.05, ηp
2 = 0.72). Pairwise compari-
sons showed a significant difference between the last pre-rotation trial and the first post-
rotation trial (and a significant change in sign, p< 0.05), and no significant main effect of trial
on load force difference for the right CoM block (and no change in sign, p> 0.05). We also
found significant main effects of Trial on center of pressure difference for the left (F(2, 18) =
5.58, p< 0.05, ηp
2 = 0.38) and right CoM blocks (F(2, 18) = 12.81, p< 0.05, ηp
2 = 0.59) with
large effect sizes. In addition, pairwise comparisons showed a significant difference between
the first post-rotation trial and the last pre-rotation trial for the right CoM block (and with the
sign only changing for the right, but not left block), and no difference between the first and last
post-rotation trial for both CoM blocks.
In summary, we show differing results for left and right CoM blocks. Subjects failed to mini-
mize roll on the first post-rotation trial more so when lifting an object with a left than a right
CoM when the hand is oriented around the object, all of which might be a function of the bio-
mechanical constraints of the hand in this orientation. Higher positioning of the thumb than
index finger instead of collinear digit placement on the very first pre-rotation trial with the
hand rotated around the object (when subjects have no knowledge of the asymmetric CoM in
the visually symmetric appearing object) would support the hypothesis that biomechanical
constraints of the hand in this orientation contributes to this particular digit partitioning, and
thus compensatory moment and object roll results obtained in Condition 7. We report our
examination of this hypothesis in the next section.
Disrupting the relation between object and body while maintaining the relation between
object and hand. In this condition (Condition 8), subjects lifted the object on the pre-
rotation trials with the hand rotated around the object such that the fingertips faced the body,
and following the pre-rotation trials, moved to the other side of the table and lifted the object
such that the fingertips faced away from the body. The object CoM was on the same digit-side
on pre and post-rotation trials. Fig 7 shows mean object roll, compensatory moment, center of
pressure and load force by the index finger and the thumb, on the first and last pre-rotation
trial, and on the first and last post-rotation trials of Condition 8. On the first post-rotation
trial, compared to the last pre-rotation trial and the last post-rotation trial, object roll was larger
and the compensatory moment was in the opposite (p’s< 0.05), and incorrect, direction in
both CoM blocks. With significant main effects of Trial on roll (left CoM: F(2, 18) = 15.86,
p< 0.05, ηp
2 = 0.64; right CoM: F(2, 18) = 43.51, p< 0.05, ηp
2 = 0.83) and compensatory
moment (left CoM: F(2, 18) = 23.15, p< 0.05, ηp
2 = 0.72; right CoM: F(2, 18) = 21.78,
p< 0.05, ηp
2 = 0.71), pairwise comparisons showed significant differences between the first
post-rotation and both the last pre-rotation trial and the last post-rotation trial. Fig 7 shows
positive center of pressure difference values in both left and right CoM blocks on the first and
placement and negative values indicating higher index finger than thumb placement, and; (D) Difference in
load force (ΔFtan) by the thumb and the index finger with positive values indicating more force by the thumb
than the index finger and negative values indicating more force by the index finger than the thumb. Data are
shown for the first and last pre-rotation trial, and for the first and last post-rotation trial, with the object’s CoM
on the left (left panel) and on the right (right panel) during pre-rotation trials. The first pre-rotation trial for the
left and right CoM blocks is only shown for half of the subjects (because half started the task with the object’s
CoM on the left and right, respectively). Statistically significant differences between the first post-rotation trial
and the last pre-rotation and between the first post-rotation trial and the last post-rotation trial are denoted
with an asterisk (p < 0.05).
doi:10.1371/journal.pone.0138258.g006
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Fig 7. Groupmeans (± 1 standard error) for Condition 8 that modifies the object-body relation.
(A) Object roll with positive and negative values indicating roll towards the thumb and the index finger
respectively; (B) Compensatory moment (Mcom) with positive and negative values indicating moments
generated away from the thumb and the index finger respectively; (C) Vertical distance between the thumb
and the index finger center of pressure (ΔCOP) with positive values indicating higher thumb than index finger
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last pre-rotation trial, indicating higher thumb than index placement. The higher placement of
the thumb than index finger on the first and last pre-rotation trial in the left CoM block, while
the index finger is on the heavier side of the object, further supports the hypothesis for this par-
ticular digit placement configuration and hand orientation to be a function of the biomechani-
cal constraints of the hand. We found significant main effect of Trial on center of pressure
difference in the left (F(2, 18) = 7.40, p< 0.05, ηp
2 = 0.45) and right CoM blocks (F(2, 18) =
13.24, p< 0.05, ηp
2 = 0.60). However, there were no significant differences between the first
post-rotation trial and both last pre-rotation trial and last post-rotation trial in the left CoM
block. In the right CoM block, we found a significant difference between the first post-rotation
trial and the last pre-rotation trial, and no difference between first and last post-rotation trials.
Finally, load force difference, as shown in Fig 7, was typically smaller on the first post-rotation
trial than the last post-rotation trial (both CoM blocks) and the last pre-rotation trial (left CoM
block only). We found significant main effects of Trial on load force difference for both left (F
(2, 18) = 7.93, p< 0.05, ηp
2 = 0.47) and right CoM blocks (F(2, 18) = 8.91, p< 0.05, ηp
2 =
0.50). Pairwise comparisons showed significant differences between the first post-rotation trial
and the last post-rotation trial for the right CoM block, and a significant difference between the
first post-rotation trial and the last pre-rotation for the left CoM block. Although there were
some significant differences between the last pre-rotation trial and the first post-rotation trial
in center of pressure difference (right CoM block) and load force difference (left CoM block),
McNemar’s tests showed no significant change in sign between the last pre-rotation trial and
the first post-rotation trial for either of these variables in either CoM blocks. Taken together,
the results suggest that modifying the relation between the object and the body while maintain-
ing the relation between the object and digits disrupts the ability to transfer manipulations
learned in the trials preceding the rotation.
Comparing object roll following rotation in subjects who correctly and
incorrectly estimated CoM-side of the object
As indicated above, we excluded 7 subjects who were unable to verbally indicate the side of the
object that was heavier following the last pre-rotation trial. If we included these subjects, we
could not have ruled out that failed learning transfer following rotation in any of the conditions
was due to not having explicit knowledge of the CoM location. Surprisingly, the mean object
roll on the first post-rotation trial by subjects within Conditions 1 to 4 who gave an incorrect
estimate of CoM location in both left (n = 3;M = 2.27, SD = 1.91) and right CoM blocks (n = 3;
M = -3.08, SD = .39) was within the standard deviation of the mean object roll by subjects
within the same conditions who gave correct CoM-side estimates(Conditions 1–4: left CoM
block:M = 2.62, SD = 2.64, right CoM block:M = -3.13, SD = 2.91), respectively. Similarly,
object roll on the first post-rotation trial by the one subject in Condition 6 who gave an incor-
rect CoM-side estimate in the left CoM block (M = -15.03) was also within the standard devia-
tion of the mean object roll by subjects in the same condition and block who gave correct
placement and negative values indicating higher index finger than thumb placement; (D) Difference in load
force (ΔFtan) by the thumb and the index finger with positive values indicating more force by the thumb than
the index finger and negative values indicating more force by the index finger than the thumb. Data are shown
for the first and last pre-rotation trial, and for the first and last post-rotation trial, with the object’s CoM on the
left (left panel) and on the right (right panel) during pre-rotation trials. The first pre-rotation trial for the left and
right CoM blocks is only shown for half of the subjects (because half started the task with the object’s CoM on
the left and right, respectively). Statistically significant differences between the first post-rotation trial and the
last pre-rotation and between the first post-rotation trial and the last post-rotation trial are denoted with an
asterisk (p < 0.05).
doi:10.1371/journal.pone.0138258.g007
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CoM-side estimates (M = -10.52, SD = 5.86). Thus, the inability to explicitly identify the
heavier side seemingly did not affect task performance.
Comparing learning transfer within conditions that modify and within
conditions that maintain relations between object, hand, and body
As the above results showed, any rotations that disrupted the relation between object and body,
object and hand, and both, impaired the ability of subjects to successfully minimize roll on the
first post-rotation trial whereas rotations that maintained these relations gave no such impair-
ments. We compared object roll on the first post-rotation trial within Conditions 5–8, which
modified the relation between object and hand, or object and body, or both. We also compared
object roll on the first post-rotation trial within Conditions 1 to 4, which maintained the rela-
tions between object and hand and object and body. In both comparisons, we found no signifi-
cant differences in object roll on the first post-rotation trials within Conditions 1 to 4 and
within Conditions 5 to 8, for left and right CoM blocks, respectively (all p’s> 0.05). These find-
ings suggest that disruption to any relation (object and body, object and hand, both) in which
an object manipulation task is learned will give way to impaired performance of similar
magnitudes.
Discussion
We examined the ability to minimize roll of an object with an asymmetric mass distribution
during a grasp and lift task, followed by rotations that either maintained (Conditions 1–4) or
modified (Conditions 5–8) the relation between the object and the body, hand, or both, from
that preceding the rotation. This task required modulating compensatory moment, through a
combination of asymmetric partitioning of digit position and load force by the thumb and the
index finger, to minimize object roll. Subjects in Conditions 1 to 4 generated an appropriate
compensatory moment to minimize roll on the last pre-rotation and on the first post-rotation
trial. Therefore, there was a transfer in learned compensatory moment to minimize roll follow-
ing rotations in Conditions 1 to 4. In contrast, and as hypothesized, following rotations in Con-
ditions 5 to 8, there generally were large differences in the ability to transfer learned
compensatory moment and therefore minimize roll on the first post-rotation trial. Specifically,
subjects produced large object rolls compared to the last pre- and the last post-rotation trials.
Together, these findings extend those of previous studies in two important ways. First, success-
ful transfer of learned manipulation following rotations in Conditions 1 to 4 suggests that failed
transfer of learning following rotations in Conditions 5 to 8 is not an artifact of having visually
observed and/or performed a rotation. Second, failed learning transfer also occurs (and of simi-
lar magnitude) when modifying either object-to-body or object-to-hand relations compared to
modifying both relations. This suggests that modifying one reference frame is no more detri-
mental to grasp performance than another. As described below, these findings support the
notion that internal representations of learned manipulations of objects with asymmetric mass
distributions are specific to the context and reference frames in which they were learned and,
therefore, that multiple representations exist for sensorimotor control of the hand [22,23].
Previous studies that investigated the effect on grasp performance of rotating objects with
asymmetric mass distributions did not consider an alternative explanation for failed learning
transfer. Specifically, given the complexities involved in mental rotation, any kind of rotation
(even that which maintains body and hand frames) might disrupt the ability to minimize roll.
Here we show that subjects could transfer learned manipulation following rotations that main-
tain hand and body frames relative to the object, even in conditions whereby the orientation of
the object is changed from that prior to the rotation (180° rotation of object and subject).
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These findings suggest that the rotation experienced or performed, which subjects were asked
to attend to (by watching the object being rotated, or watching the object as they moved around
it), did not disrupt their ability to successfully retrieve and use the internal representation
formed during trials preceding the rotation. The fact that experiencing a rotation was not detri-
mental to grasp performance in Conditions 1 to 4 suggests that the disruption in grasp perfor-
mance following rotations in Conditions 5 to 8 is unlikely a byproduct of observing or
performing a rotation. Thus, our findings support the notion that internal representations of
learned manipulations with objects with asymmetric mass distributions are specific to the
hand and body frames (relative to the object) in which the manipulation was first learned.
The fact that in Conditions 5 to 8 subjects generally failed to counteract the external
moment on the object and thus to prevent object roll in the direction of the CoM following
180° rotation of object, subject, hand, and hand and subject, are consistent with findings from
previous object rotation and hand translation studies [11,12,13,15,18,20,21]. Specifically, this
previous work and our findings showed that failure to prevent object roll on the first post-
rotation trial is due to inappropriate scaling of forces [11,12,13,15,21] as well as inappropriate
digit placement [18,20]. Inspection of digit and force partitioning by the thumb and the index
thumb following rotations of object, subject, hand, and hand and subject (see Figs 4 through
7), as well as results fromMcNemar’s tests, indicate that subjects in these conditions typically
followed the same, yet inappropriate, digit and force partitioning pattern following rotation as
that prior to rotation. There were some exceptions, where subjects reverted to a “default” digit
force-position pattern following rotation, whereby the object was treated as having a symmetri-
cally distributed mass, e.g. applying the same load force by index finger and thumb—see Fig 7,
left CoM. The phenomenon of implementing the same motor output following a rotation per-
turbation is reminiscent of that seen in reaching studies. Specifically, after adapting to Coriolis
forces [27] viscous forces [28,29,30,31], inertial loads [32], or rotations of visual feedback about
the hand [33,34,35,36,37], subjects continued to use the same motor command and adopted
the same movement strategies, thereby resulting in aftereffects. As has also been shown in
visuomotor reaching studies [36], one might expect learning transfer to fall off continuously as
a function of the magnitude of the rotation relative to the training direction (that is, if the same
mechanism is shared across our task and learning of reaching movements). Our present find-
ings suggest that such deterioration in learning transfer might be a function of the change in
body-to-object relation associated with the increase in angle from the training direction. We
did not test rotations less than 180° as they would necessitate maintaining the hand-object rela-
tion and/or placing the hand in a biomechanically awkward position after rotation. However, it
should be noted that even after 360° rotations, subjects could successfully transfer learned
manipulation. Thus, we conclude it is unlikely that our findings are dependent on the magni-
tude of the rotation relative to the trained direction.
Our findings support the conclusions of a study by [22] that examined how the experience
with the dynamics of a specific hammer in one orientation generalized to other orientations.
The aim of [22]’s study was to test two alternative hypotheses about whether the motor system
used multiple representations of the dynamics associated with different tool orientations or,
conversely, whether the motor system used a single general representation that applied to all
virtual tool orientations. These authors argued that transfer of learning in one orientation to a
novel orientation would support the notion of a single representation applying to all orienta-
tions, whereas limited transfer to a novel orientation would support the existence of multiple
orientation-specific representations. Their results support the latter hypothesis as there was
limited learning transfer when the hammer was presented in a novel orientation relative to the
one subjects learned the manipulation in. In addition, and consistent with our findings, [22]
showed that subjects were not using a default force pattern in this new orientation, but were
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using the same force pattern as that used during the training orientation. Their results and ours
suggest that internal representations of object manipulation are orientation specific, and that
multiple representations exist for sensorimotor control, with the appropriate representation
being selected based on the context in which the movement occurs [22,23,38,39,40]. Further-
more, when a mismatch occurs in the reference frame between the learned orientation (in
which an object manipulation task is learned) and a novel orientation, the manner with which
an object is first grasped in a novel orientation (with regards to forces and position) generally
mimics the manner with which it was grasped in the preceding orientation. This is at least the
case during the early stages of sensorimotor learning.
The nature of internal representations relating to previous experiences with objects with
asymmetric mass distributions is not well understood. For example, it is unknown whether the
reference frame of early formed representations in one orientation is, relative to the object, spe-
cific to the hand, the body, or both, because rotations used by studies to date (mostly 180° rota-
tion of object) modified both relations between the object and body and between the object
and hand. In the present experiments, we included conditions that either modified the relation
between object and body, or between object and hand, or both, to determine if the same magni-
tude of disruption to grasp performance would occur in each of these conditions. This was
found to be the case. From these findings, it could be that the internal representation is not
only specific to the hand (and digits) with which the task was learned, but the representation is
also specific to the body position (relative to the object) in which the task was learned. Disrupt-
ing either the relation between the object and digits, or between the object and body position,
will give way to deteriorated grasp performance of similar magnitude. However, there might be
another contributing factor that for failed learning transfer in Condition 7 (hand rotation) and
Condition 8 (hand and subject rotation), the conditions which disrupted either hand or body
frames, respectively. Rotations in both these conditions not only changed the hand position rel-
ative to the object (Condition 7) or the body position relative to the object (Condition 8). The
rotations in these conditions also changed the hand position relative to the body (from the fin-
gers pointing away from the body prior to rotation to the fingers pointing toward the body fol-
lowing rotation in Condition 7, and vice versa in Condition 8). Thus, another factor that could
explain failed transfer of learned manipulation is that the learned representation is also specific
to the hand position relative to the body position. If this is the case, then the learned represen-
tation, which is specific to the hand and body relation in which it was formed, cannot be used
to successfully grasp the object when the map between hand and body changes.
A study by [15] included a condition similar to our Condition 7, which involved rotation of
the hand around the object. They reported learning transfer following rotation of the hand,
which is in line with what we found in the right CoM block, but not the left CoM block. The
results from Condition 7 (right CoM block) and that from [15] are in contrast to all other find-
ings from conditions with rotations that modified hand and/or body frames from that prior to
the rotation. When the object’s CoM was on the right, and following a rotation of the hand
around the object, roll was in the direction of the CoM but not significantly larger than that on
the last trial following rotation. In addition, unlike all other findings from conditions with
modified hand or body frames (or both), compensatory moment was in the same direction at
the first and last post-rotation trial. From inspection of Fig 6, it seems that this appropriate
behavior on the first trial following rotation was a result of higher thumb than index finger
placement when the hand was oriented around the object. The fact that the same digit parti-
tioning was seen in both CoM blocks following hand rotation led to our hypothesis that such
behavior could have been due to the biomechanical constraints imposed on the hand when
placed in this particular orientation. Similar asymmetrical digit partitioning on the first trial of
Condition 8 (when the hand was also oriented around the object) supported our hypothesis
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that this particular digit placement configuration and hand orientation was a function of the
biomechanical constraints of the hand. Interestingly, in both CoM blocks on the first post-
rotation trial of Condition 7, subjects exerted more load force with the index finger than the
thumb. This phenomenon, too, could be confounded by biomechanical factors, i.e. higher
thumb than index placement might have to be accompanied by higher load force by the index
finger than the thumb to prevent the object from slipping. The biomechanical constraints of
the hand with the fingertips oriented toward the subject can similarly explain the results from
[15] study. They combined findings from lifting an object with a left CoM and right CoM,
respectively, such that it was not possible to see whether differences were seen between these
different blocks. Nevertheless, since they do not report forces and did not measure digit posi-
tion, it is unknown whether subjects exhibited the same digit force and position partitioning
on the first post-rotation trial as what was shown here. Thus, we conclude that the likely contri-
bution of biomechanical constraints of the hand in this orientation to behavioral results of our
Condition 7 (appropriate behavior in the right CoM block but inappropriate behavior in the
left CoM block), and of [15], cannot be ruled out.
Finally, the finding that subjects who were unable to articulate explicit knowledge of the
CoM faired no worse in minimizing object roll than subjects who could do so is consistent with
the proposition that consecutive exposure to manipulations of an object with a given CoM
location allows for implicit learning about the magnitude and direction of the external torque
caused by the added mass [18]. Furthermore, this result suggests that explicit knowledge of the
object CoM was not necessary for successful grasp performance in this subset of subjects. How-
ever, it remains to be determined why this mismatch between implicit and explicit knowledge
of object CoM occurred only in this subset of subjects.
In summary, our findings extend those of previous object rotation studies by showing failed
transfer of learning following rotation is not simply an artifact of having visually observed or
performed a rotation. Furthermore, our findings suggest that internal representations of an
object with an asymmetric CoM are orientation-specific, and that there are multiple represen-
tations for manipulating these objects in multiple orientations. These internal representations
can be retrieved and used to successfully manipulate an object only when the reference frame
in which the manipulation was learned matches the reference frame in which the manipulation
is performed, at least during the early stages of sensorimotor learning.
Supporting Information
S1 File. Individual data points for all subjects in each of the 8 conditions.
(XLSX)
Acknowledgments
The authors thank Dr. Qiushi Fu for insightful comments on the experimental protocol.
Author Contributions
Conceived and designed the experiments: MM EK TLMMS AMG. Performed the experiments:
MM EK TLM. Analyzed the data: MM EK TLMMS AMG. Wrote the paper: MM EK TLMMS
AG.
References
1. Gordon AM,Westling G, Cole KJ, Johansson RS (1993) Memory representations underlying motor
commands used during manipulation of common and novel objects. Journal of Neurophysiology 69:
1789–1797. PMID: 8350123
Generalization of Dexterous Manipulation
PLOS ONE | DOI:10.1371/journal.pone.0138258 September 16, 2015 23 / 25
2. Johansson R, Flanagan J (2009) Coding and use of tactile signals from the fingertips in object manipu-
lation tasks. Nature Reviews Neuroscience 10: 345–359. doi: 10.1038/nrn2621 PMID: 19352402
3. Johansson R, Westling G (1988) Coordinated isometric muscle commands adequately and errone-
ously programmed for the weight during lifting task with precision grip. Experimental Brain Research
71: 59–71. PMID: 3416958
4. Gordon AM, Forssberg H, Johansson RS, Westling G (1991) The integration of haptically acquired size
information in the programming of precision grip. Experimental Brain Research 83: 483–488. PMID:
2026191
5. Gordon AM, Forssberg H, Johansson RS, Westling G (1991) Visual size cues in the programming of
manipulative forces during precision grip. Experimental Brain Research 83: 477–482. PMID: 2026190
6. Flanagan JR, Beltzner MA (2000) Independence of perceptual and sensorimotor predictions in the
size–weight illusion. Nature neuroscience 3: 737–741. PMID: 10862708
7. Jenmalm P, Johansson RS (1997) Visual and somatosensory information about object shape control
manipulative fingertip forces. The Journal of neuroscience 17: 4486–4499. PMID: 9151765
8. Jenmalm P, Goodwin AW, Johansson RS (1998) Control of grasp stability when humans lift objects
with different surface curvatures. Journal of Neurophysiology 79: 1643–1652. PMID: 9535935
9. Wing AM, Lederman SJ (1998) Anticipatory load torques produced by voluntary movements. Journal of
Experimental Psychology: Human Perception and Performance 24: 1571. PMID: 9861711
10. Johansson R, Backlin J, Burstedt M (1999) Control of grasp stability during pronation and supination
movements. Experimental Brain Research 128: 20–30. PMID: 10473736
11. Salimi I, Hollender I, Frazier W, Gordon AM (2000) Specificity of internal representations underlying
grasping. Journal of Neurophysiology 84: 2390–2397. PMID: 11067981
12. Salimi I, Frazier W, Reilmann R, Gordon AM (2003) Selective use of visual information signaling
objects' center of mass for anticipatory control of manipulative fingertip forces. Experimental Brain
Research 150: 9–18. PMID: 12698211
13. Gordon AM, Salimi I (2004) Internal models underlying fingertip force control during object manipulation
in humans. Conference proceedings (IEEE Engineering in Medicine and Biology Society Conf) 6:
4641–4644.
14. Lukos J, Ansuini C, Santello M (2007) Choice of contact points during multidigit grasping: effect of
predictability of object center of mass location. The Journal of neuroscience 27: 3894–3903. PMID:
17409254
15. Bursztyn LCD, Flanagan JR (2008) Sensorimotor memory of weight asymmetry in object manipulation.
Experimental Brain Research 184: 127–133. PMID: 17957361
16. Fu Q, ZhangW, Santello M (2010) Anticipatory planning and control of grasp positions and forces for
dexterous two-digit manipulation. The Journal of neuroscience 30: 9117–9126. doi: 10.1523/
JNEUROSCI.4159-09.2010 PMID: 20610745
17. Fu Q, Hasan Z, Santello M (2011) Transfer of learned manipulation following changes in degrees of
freedom. The Journal of neuroscience 31: 13576–13584. doi: 10.1523/JNEUROSCI.1143-11.2011
PMID: 21940448
18. ZhangW, Gordon AM, Fu Q, Santello M (2010) Manipulation after object rotation reveals independent
sensorimotor memory representations of digit positions and forces. Journal of Neurophysiology 103:
2953–2964. doi: 10.1152/jn.00140.2010 PMID: 20357064
19. Lukos J, Ansuini C, Santello M (2008) Anticipatory control of grasping: independence of sensorimotor
memories for kinematics and kinetics. The Journal of neuroscience 28: 12765–12774. doi: 10.1523/
JNEUROSCI.4335-08.2008 PMID: 19036969
20. Fu Q, Choi J. Y., Gordon A. M., Jesunathadas M., Santello M. (2014) Learned manipulation at uncon-
strained contacts does not transfer across hands. PLoS ONE 9: e108222. doi: 10.1371/journal.pone.
0108222 PMID: 25233091
21. Albert F, Santello M, Gordon AM (2009) Sensorimotor memory of object weight distribution during multi-
digit grasp. Neuroscience letters 463: 188–193. doi: 10.1016/j.neulet.2009.07.080 PMID: 19647782
22. Ingram JN, Howard IS, Flanagan JR, Wolpert DM (2010) Multiple grasp-specific representations of tool
dynamics mediate skillful manipulation. Current Biology 20: 618–623. doi: 10.1016/j.cub.2010.01.054
PMID: 20346672
23. Ingram JN, Howard IS, Flanagan JR, Wolpert DM (2011) A single-rate context-dependent learning pro-
cess underlies rapid adaptation to familiar object dynamics. PLoS Comput Biol 7: e1002196. doi: 10.
1371/journal.pcbi.1002196 PMID: 21980277
24. Shepard R, Metzler J (1971) Mental rotation of three-dimensional objects. Science 171: 701–703.
PMID: 5540314
Generalization of Dexterous Manipulation
PLOS ONE | DOI:10.1371/journal.pone.0138258 September 16, 2015 24 / 25
25. Crajé C, Santello M, Gordon AM (2013) Effects of visual cues of object density on perception and antici-
patory control of dexterous manipulation. PloS one 8: e76855. doi: 10.1371/journal.pone.0076855
PMID: 24146935
26. Edin BB, Westling G, Johansson RS (1992) Independent control of human finger-tip forces at individual
digits during precision lifting. The Journal of physiology 450: 547–564. PMID: 1432717
27. Lackner JR, Dizio P (1994) Rapid adaptation to Coriolis force perturbations of arm trajectory. Journal of
Neurophysiology 72: 299–313. PMID: 7965013
28. Gandolfo F, Mussa-Ivaldi FA, Bizzi E (1996) Motor learning by field approximation. Proceedings of the
National Academy of Sciences 93: 3843–3846.
29. Goodbody SJ, Wolpert DM (1998) Temporal and amplitude generalization in motor learning. Journal of
Neurophysiology 79: 1825–1838. PMID: 9535951
30. Berniker M, Franklin DW, Flanagan JR, Wolpert DM, Kording K (2014) Motor learning of novel dynam-
ics is not represented in a single global coordinate system: evaluation of mixed coordinate representa-
tions and local learning. Journal of Neurophysiology 111: 1165–1182. doi: 10.1152/jn.00493.2013
PMID: 24353296
31. Berniker M, Mirzaei H, Kording KP (2014) The effects of training breadth on motor generalization. Jour-
nal of Neurophysiology 112: 2791–2798. doi: 10.1152/jn.00615.2013 PMID: 25210163
32. Sainburg RL, Ghez C, Kalakanis D (1999) Intersegmental dynamics are controlled by sequential antici-
patory, error correction, and postural mechanisms. Journal of Neurophysiology 81: 1045–1056. PMID:
10085332
33. Caithness G, Osu R, Bays P, Chase H, Klassen J, et al. (2004) Failure to consolidate the consolidation
theory of learning for sensorimotor adaptation tasks. The Journal of neuroscience 24: 8662–8671.
PMID: 15470131
34. Krakauer J, Pine Z, Ghez C. Differences in generalization of adaptation to altered gains and display
rotations in reaching movements; 1996. pp. 899.
35. Krakauer JW, Pine ZM, Ghilardi M-F, Ghez C (2000) Learning of visuomotor transformations for vecto-
rial planning of reaching trajectories. The Journal of neuroscience 20: 8916–8924. PMID: 11102502
36. Mattar AA, Ostry DJ (2007) Modifiability of generalization in dynamics learning. Journal of Neurophysi-
ology 98: 3321–3329. PMID: 17928561
37. Miall RC, Jenkinson N, Kulkarni K (2004) Adaptation to rotated visual feedback: a re-examination of
motor interference. Experimental Brain Research 154: 201–210. PMID: 14608451
38. Wolpert DM, Kawato M (1998) Multiple paired forward and inverse models for motor control. Neural
Networks 11: 1317–1329. PMID: 12662752
39. Haruno M, Wolpert D, Kawato M (2001) Mosaic model for sensorimotor learning and control. Neural
computation 13: 2201–2220. PMID: 11570996
40. Lee J-Y, Schweighofer N (2009) Dual adaptation supports a parallel architecture of motor memory. The
Journal of neuroscience 29: 10396–10404. doi: 10.1523/JNEUROSCI.1294-09.2009 PMID: 19692614
Generalization of Dexterous Manipulation
PLOS ONE | DOI:10.1371/journal.pone.0138258 September 16, 2015 25 / 25
